Due to its favorable relaxometric properties, Mn 2+ is an appealing metal ion for magnetic resonance imaging (MRI) contrast agents. This paper reports the synthesis and 
A renewed interest in Mn 2+ -based MRI CAs has led to a systematic development and study of Mn 2+ chelates 6 . These include linear polyaminocarboxylates like EDTA 7, 8 (EDTA = ethylenediamine tetraacetic acid) and its derivatives such as EDTA-BOM 1, 2 9 and diphEDTA 10 (bearing one or two BOM = benzyloxymethyl or a diph = diphenylcyclohexylphosphate substituent(s), respectively), or derivatives of DTPA [10] [11] [12] [13] (DTPA = diethylenetriamine pentaacetic acid). In these EDTA-type complexes, the In the development of novel and better MRI contrast agents, two main goals are commonly considered: higher relaxivity and specificity for organs or tissues. Human serum albumin (HSA), the most abundant blood serum protein, presenting high affinity for long carbon chain molecules, 23 is an interesting biological target for CAs, especially those aimed at acting as blood pool agents. Chelates bearing hydrophobic moieties can bind to HSA, thus increasing their blood retention time and, simultaneously, increasing their relaxivity due to longer tumbling times 9, [24] [25] [26] .
Several strategies have been suggested for the delivery of drugs, among them selfaggregating molecules that can form micelles [27] [28] [29] . This delivery route is known to be promoted by macrophage-rich tissues such as liver and spleen 30 . Micellization of amphiphilic paramagnetic chelates has the additional advantage of increasing the relaxivity thanks to an increase in the tumbling time of the chelate in solution [31] [32] [33] [34] [35] [36] .
Another strategy for the development of CAs targeted for specific tissues and organs consists in their coupling to biologically relevant molecules (monoclonal antibodies, peptides, peptide mimetics or non-peptidic substrates and carbohydrates [37] [38] [39] [40] [41] [42] ) that are recognized by specific receptors.
In this paper, we report the synthesis of three new triazapolycarboxylate-based ligands for Mn 2+ , NODAHep (1,4,7-triazacyclononane-1,4-diacetate-7-heptanil), NODABA
(1,4,7-triazacyclononane-1,4-diacetate-7-benzoic acid), and NODAHA (1,4,7-triazacyclononane-1,4-diacetate-7-hexanoic acid) (Scheme 1) and the solution characterization of the stability and relaxometric properties of their Mn 2+ complexes using potentiometric and relaxometric NMR techniques. Being pentadentate, these ligands maintain a coordination site of the metal ion available for one water molecule.
NODAHep has a lipophilic side chain which was introduced to endow its chelates with the capability of forming micelles in solution and, additionally, to interact noncovalently with blood serum proteins, in particular HSA. NODABA and NODAHA were designed to act as bifunctional ligands which can be conjugated to targeting molecules.
Results and discussion

Synthesis
The synthetic strategy used for the preparation of NODAHep, NODABA and NODAHA involved the alkylation of 1,4,7-triazacyclononane-1,4-diacetic acid tertbutyl ester (NO2AtBu) followed by removal of the protecting groups (Scheme 2 
Determination of the critical micelle concentration
The critical micelle concentration (cmc) of [Mn(NODAHep)] was determined by two methods. In the first method a fluorescence probe was used, which was 8-anilino-1-naphtalene sulfonic acid (ANS), as its luminescence is sensitive to the medium polarity.
In polar environments, such as in water, ANS is essentially non fluorescent and in nonpolar environments, such as the inner part of micelles, it is highly fluorescent [43] [44] [45] . In order to evaluate the micelles formation, the fluorescence intensity of ANS was measured at 480 nm in the presence of different chelate concentrations. As the micelles are forming, ANS is entrapped in the micellar compartment and an increase of its fluorescence can be detected 44, 45 . A cmc value of 22. concentrations below the cmc, no micelles are formed, and therefore the proton relaxation rate measured in the solution is only due to the free, non-aggregated paramagnetic complex and can be expressed as follows:
where R 1 is the paramagnetic relaxation enhancement, na r 1 is the relaxivity of the nonaggregated Mn 2+ complex, and C Mn is the Mn 2+ concentration. Above the cmc, the measured relaxation rate is the sum of two contributions, one from the non-aggregated complex present at a concentration equal to the cmc, and one of the complex in the micellar form. The paramagnetic relaxation enhancement in this case is given by:
where a r 1 is the relaxivity of the aggregated form of the complex.
The cmc is then determined from the plot of R 1 as a function of C Mn , and by a simultaneous least-squares fit of the two straight lines. The intercept of those two lines gives the value of the cmc, 22.8 mM in this case ( Figure S1 ), very much consistent with the result obtained in the previous method. It should be noted that the relaxivity of the non-aggregated form is found to be 4.51 mM -1 .s -1 in accordance with the 1 H NMRD measurements (vide infra), and the relaxivity of the micellar form is found to be 9.57 mM -1 .s -1 . This higher value of relaxivity was predictable, as in the micellar form the rotational correlation time is expected to be bigger than in the monomeric form. 46 . This is somewhat surprising, considering that NODAHep and NOTAC8
have the same length of alkyl chain, and the three complexes have no charge. Given the high value of cmc obtained for this complex, we will study only the monomeric form of the complex in the followings.
Determination of protonation and stability constants
The protonation constants, logK Hi , of the three ligands NODAHep, NODAHA and NODABA, as defined in equation (3), were determined by pH-potentiometric titrations at I = 0.1 M KCl and 298 K.
Three protonation constants could be determined for NODAHep, four for NODAHA and five for NODABA. The titration curves are presented in Figures 2 and S2, S3 (ESI) and the calculated protonation constants are shown in Table 1 .
The potentiometric determination of protonation constants above pH 11 is difficult, and The protonation sequence has been previously determined for various cyclic polyaza polycarboxylate ligands, and it has been shown that the first two protonations of the ligand NOTA occur on the ring nitrogen atoms, while the third protonation occur on a carboxylate oxygen atom 47 . So for all the ligands, we attribute the first two protonation constants to two nitrogen atoms of the macrocycle, and the other protonation constants are attributed to carboxylate functions. NODAHep is very similar to "half" ENOTA (Scheme 1), which displays two macrocyclic units. 15 . For NODAHA, the third protonation constant can be attributed to the carboxylate function on the alkyl chain, as the value is close to the one of an isolated carboxylate function. For NODABA, the second protonation on the nitrogen is lower than the one of the other ligand, which can be explained by the electron withdrawing effect of the benzene ring. The third protonation constant can be attributed to the benzoate function, as the pKa of the benzoic acid substituted in the para position by a methyl is 4.37 48 .
Complex stability constants, logK ML , complex protonation constants, logK MLH , and hydroxo-complexes formation (eqs (4), (5), and (6)), have been determined for complexes formed with Mn 2+ and Zn 2+ ions by direct potentiometric titrations, as the formation of the complexes was fast.
The titration curves obtained at 1:1 metal-to-ligand ratio are presented in Figures 2 and S2, S3 (ESI). The stability constants obtained from the fitting of the experimental curves for the different complexes are summarized in Table 2 .
The formation of a monoprotonated complex and a hydroxocomplex has to be taken into account for NODAHA. 
O NMR and NMRD measurements
In order to determine the microscopic parameters that rule the relaxivity of the complexes, their 1 H NMRD profiles have been measured. These profiles represent the magnetic field dependence of relaxivity on the proton Larmor precession frequency and can be fitted by the Solomon-Bloembergen-Morgan (SBM) theory. As a large number of microscopic parameters influence the 1 H NMRD profiles, some of them need to be determined by independent techniques such as 17 determined by potentiometry ( Figure 4 ). We can conclude that in the pH range 7.4 -9.3, the complex is formed.
Conclusions
In this paper we introduce three new chelators designed for Mn 2+ as potential MRI CAs. 
NODAHA
A solution of NaOH 1M (7.5 mL) was added to a solution of NODA( 
Potentiometric studies
Carbonate 58 . All equilibrium constants are concentration quotients rather than activities and are defined as:
The ionic product of water at 298 K and 0.1 M ionic strength is pK w = 13.77 48 . Fixed values were used for pK w , ligand acidity constants and total concentrations of metal, 
H NMRD studies
Proton NMRD (nuclear magnetic relaxation dispersion) profiles were recorded on a (Table 1 and 2). 
